Abstract: Temperature sweep gel electrophoresis in combination with random amplified polymorphic DNA analysis was employed to detect two markers for a single gene governing low cadmium uptake in western Canadian durum wheat (Triticum turgidum L. var. durum). Analysis of progeny derived from a cross of the high cadmium accumulating cultivar Kyle by the low cadmium accumulating cultivar Nile resulted in linkage estimates of 4.6 (OPC-20) and 21.2 (UBC-180) cM. The closest marker (OPC-20) was shown to be useful for making low cadmium uptake selections from two other sources of low cadmium, 'Biodur' and 'Hercules'. The marker was further used to determine the genetic basis of resistance in 20 introduced durum wheat lines. Within this diverse range of germplasm the marker was correlated with cadmium contents as expected in all but two cases. Plant breeding selection for low cadmium genotypes is hindered by the high cost of chemical determination of cadmium content. Marker assisted selection for a low cadmium uptake gene offers an effective alternative.
Introduction
given ion. There is a concern that an increase in the soil cadmium concentration resulting from management practices Soils contain varying amounts of heavy metals and crops may pose a health risk to humans (Davis 1984; Chang et al. vary in their propensity to accumulate 1987) . Certain crop management strategies, such as treat- (Pettersson 1979) . The complexity of the interaction between ment with farmyard manures, increased the relative level of water uptake in roots and the ionic composition of soils soil in long-term studies at Rothamsted make it difficult to generalize about the uptake of any (Jones and Johnston 1989) . The concomitant increase in Genome, Vol. 38, 1995 in cadmium content from 50 ppb to 300 ppb. In the U.S.A., cadmium values have been reported as high as 207 ppb (Wolnik et al. 1983) . Zook et al. (1970) observed mean cadmium concentrations in American durum wheat of 130 ppb. Cadmium appears to accumulate selectively in seeds (Marschner 1983 ), a phenomenon that may be associated with protein concentration (Kabata-Pendias and Pendias 1984) . While variation among plant species for cadmium accumulation has been found, no clear genera delineations can be drawn (Pettersson 1979) . Meyer et al. (1982) indicated that durum wheat cultivars grown at 11 sites throughout the United States exhibited significantly higher cadmium seed levels than bread wheat cultivars.
Variability for cadmium uptake has been identified among durum wheat breeding lines in Western Canada. Preliminary genetic study of these lines indicated that cadmium accumulation was controlled by a single gene (G. Kopytko, D. Leisle, and J. Clarke, unpublished results). Breeding selection for this trait is proceeding with chemical analysis but progress has been hindered by the cost and time required for analysis. Marker-assisted selection would provide an effective alternative means of selecting low cadmium uptake genotypes. The primary prerequisite for such a selection strategy is the identification of a suitable marker linked to a gene governing cadmium uptake.
Restriction fragment length polymorphism (RFLP) and random amplified polymorphic DNA (RAPD) analyses in wheat have been inhibited by the low level of polymorphism detected by both methods. Recently, Penner and Bezte (1994) developed an electrophoretic separation technique termed "temperature sweep gel electrophoresis" (TSGE). This method involves the addition of resolving power based on sequence differentiation through a denaturing gradient. With TSGE we have been able to resolve an average of two-to three-fold more arbitrarily primed fragments per primer than with agarose separations. Our strategy has been to identify useful markers through the use of TSGE and to convert them to site-specific primed amplification products that could be clearly distinguished on agarose gels. In this paper, we outline the identification of two markers linked to a single gene governing cadmium uptake, which we have tentatively designated as cdu 1.
Materials and methods
Cadmium content of seeds was determined using the atomic absorption method of Crosby (1977) . Cadmium content is strongly affected by environmental conditions, however, derivatives of the durum wheat lines 'Nile', 'Biodur', and 'Hercules' consistently exhibit low cadmium accumulation (<lo0 ppb), whereas the cultivar Kyle consistently exhibits high cadmium accumulation (>200 ppb). Preliminary studies of progeny (F, lines developed by single seed descent) derived from a 'Kyle'I'Nile' cross resulted in the identification of eight lines that were clearly high cadmium accumulators (>75% of midparental value) and six lines that were clearly low in cadmium (~7 5 % of midparental value). Genomic DNA was extracted by the method of McCouch et al. (1988) from these 14 lines individually at the 4-5 leaf stage and pooled within cadmium phenotypes for bulk segregant analysis.
Genomic DNA from 'Kyle' and 'Nile' was screened with 406 primers and the products were analyzed on agarose gels. Of the 153 primers that amplified fragments on both of these substrates, a subset of 147 were screened by TSGE, as described by Penner and Bezte (1994) . Primers that exhibited polymorphisms on these two lines were screened against the two bulked DNA pools. In addition, a further 31 primers were screened by TSGE on the bulked pools of DNA. For the purposes of comparison, 38 primers that had been shown to amplify both 'Kyle' and 'Nile' DNA were tested on denaturing gradient gel electrophoresis (DGGE) .
Putatively linked markers were tested further on a set of 70 F, lines developed by single seed descent, including seven of the individuals used for bulk segregant analysis. DNA was extracted from endosperm tissue from all 70 lines derived from the cross 'Kyle'I'Nile'. Embryos were excised from three kernels per line and the endosperm was ground in the presence of liquid nitrogen in a prechilled mortar and pestle. The powder was suspended in 500 pL of 10 mM Tris and 1mM EDTA (pH 8.0) and transferred to a sterile 1.5 mL tube to which 500 p L of phenol-chloroform (phenol -chloroform -isoamyl alcohol 25:24:1 by volume) was added immediately. The mixture was then microcentrifuged for 5 min. It was often necessary to perform at least two phenol-chloroform purifications owing to the large amount of protein present in these extracts.
Genomic DNA was extracted and analyzed from the endosperm of other plant lines ( Fig. 1 ; Table 3) as described above for 'Kyle' and 'Nile'. In order to establish a level at which to distinguish high from low cadmium accumulators, at least two checks were included in field trials ('Kyle', 'Nile', and 'Arcola'). To maintain a similar approach to that used in the segregation analysis, the critical distinguishing point was set at 75% of the mean between the high and low checks.
Arbitrary primer amplification was performed at temperatures of 36°C for annealing (30 s), 72°C for extension (1 min), and 94°C for denaturation (2 min in the first cycle, 5 s thereafter). The concentrations of PCR components were as follows: 800 nM total dNTPs (200 nM each), 1.5 mM MgCl,, 1 X PCR buffer (Perkin ElmerICetus), one unit of Taq polymerase per reaction (Perkin ElmerICetus), 20 pM primer, and approximately 40 ng of substrate DNA. PCR amplifications were carried out for 40 cycles in Thermolyne Temptronic thermocyclers.
Linkage analysis was performed using JOINMAP (Stam 1993) .
Results
Initially, 390 arbitrary primers were applied to genomic DNA of the two parental lines 'Kyle' and 'Nile' in an attempt to establish a database of polymorphic fragments for other studies. Analysis of the product of these arbitrary amplifications resulted in the detection of only 13 polymorphism~ when separated on agarose gels. The DGGE technique developed by Dweikat et al. (1993) was applied in an attempt to increase the frequency of polymorphic fragment detection. The small increase in the detection of polymorphic fragments detected with DGGE did not justify Genome Downloaded from www.nrcresearchpress.com by University of Toronto on 10/21/12
For personal use only. the additional time involved in running the gels, nor the cost of the equipment (Table I) . As an alternative we modified the TSGE technique of Yoshino et al. (1991) , so that arbitrarily amplified fragments were maintained in a partially double stranded state (Penner and Bezte 1994) . This approach more than doubled the number of polymorphic fragments detected per primer screened (Table I ). All 33 of the primers that amplified polymorphic fragments between 'Kyle' and 'Nile' were tested on bulked DNA from low and high cadmium accumulating segregants. Besides these 33 primers, a further 31 primers were screened on the bulked DNA pools only using TSGE. Eleven polymorphisms were reproducibly detected between the two pools. These were further tested for linkage to low cadmium uptake by screening individual segregants. Two primers, OPC-20 and UBC-180, amplified fragments that exhibited significant linkage to each other and to a low cadmium uptake gene when tested across all the segregants (Table 2) . Fortunately, the diagnostic fragment (350 base pairs (bp)) amplified by the OPC-20 primer could be scored reliably on agarose gels (Fig. I) . The diagnostic fragment amplified by the UBC-180 primer was, surprisingly, not polymorphic between the two parents. Apparently the 'Kyle' plant used to generate the segregating population was genetically different at this locus from the seed source we analyzed. This will limit the potential application of this marker as a direct RAPD fragment for marker assisted selection.
Note: SE, standard error.
The map generated by JOINMAP clearly shows that both markers are on the same side of the low cadmium uptake gene (Fig. 2) .
The OPC-20 primer was tested for cross applicability to two high cadmium uptake lines ('Sceptre' &d DT648) and several low cadmium uptake lines ('Biodur', DT627, DT637, DT643, DT644, and DT649). All the DT lines have 'Hercules' in their parentage. The diagnostic fragment was absent in all low sources tested and present in all high sources. Notably, the line DT648 was derived from a cross involving a line containing a low cadmium uptake gene from 'Hercules', but exhibited both high cadmium content and the marker.
Following the successful demonstration of crossapplicability on Canadian germplasm, the OPC-20 primer was tested on 20 introduced lines (Table 3) . If we consider the cadmium values of the lines tested compared with those of the appropriate checks (as described in Materials and methods) we find that the marker was associated with the cadmium phenotype in all but two cases.
Discussion
According to the protocols on gene nomenclature set out by Hart and Gale (1988) , we propose that the gene described as governing high cadmium uptake in durum wheat as part Genome Downloaded from www.nrcresearchpress.com by University of Toronto on 10/21/12
For personal use only. of this study be designated cdu 1 and the low cadmium allele be designated Cdu 1.
Progress towards selecting new durum wheat cultivars that are low cadmium accumulators has been inhibited by the cost of determining cadmium concentration. Commercial fees for determining cadmium content range from $15 to $23 per sample compared with a cost of less than $5 per sample by PCR analysis. At present one person in our laboratory can perform 100 PCR analyses, from extracting the DNA to capturing gel images on film, in 2 days.
A molecular marker for this trait will allow plant breeders to select for the presence of a low cadmium uptake gene without having to account for environmental influences. There are two types of selection error that can occur as a result of recombination between the marker and the gene governing the trait under selection. Only one of these, the selection of plants containing the marker but not the Cdu 1 allele, is of concern to plant breeders. The other type of recombination-driven error, the discarding of plants that contain the Cdu 1 allele but not the marker, is not of concern if breeders maintain large enough populations to ensure that a sufficient number of correct selections will be made. This means that the effective error rate will not be the 4.8% suggested by our mapping data, but rather half of this value, resulting in 2.4% of the plants being misidentified as low cadmium.
The OPC-20 marker exhibited the same polymorphism among all the well adapted low and high lines. Moreover, the marker accurately predicted cadmium content in 18 of the 20 exotic lines. Therefore, the marker could be applied to a selection strategy involving almost any source of low cadmium in durum wheat. Moreover, the linkage of the same marker in these diverse backgrounds provides strong evidence that they all contain the same low cadmium uptake allele.
In this study a relatively small set of lines were chosen for initial bulk segregant analysis screening (eight high and six low). Michelmore et al. (1991) suggested performing bulk segregant analysis on 25 individuals per phenotype. It appears that pools comprising 10 or less individuals increase the effective region of recombination screened, as compared to larger pools. It is doubtful whether a marker linked as loosely as the UBC-180 amplified fragment would have been detected if the pools had been constructed according to the previously suggested size of 25 individuals each (Michelmore et al. 1991) .
For routine screening of the markers described in this study it would be desirable to convert the arbitrarily amplified fragments into specific PCR amplicons. We are currently attempting to clone and sequence these fragments.
